Ultraconserved elements (UCEs) have become popular markers in phylogenomic studies because of their cost effectiveness and their potential to resolve problematic phylogenetic relationships. Although UCE datasets typically contain a much larger number of loci and sites than more traditional datasets of PCR-amplified, single-copy, protein coding genes, a fraction of UCE sites are expected to be part of a nearly invariant core, and the relative performance of UCE datasets versus protein coding gene datasets is poorly understood. Here we use phylogenetic informativeness (PI) to compare the resolving power of multi-locus and UCE datasets in a sample of percomorph fishes with sequenced genomes (genome-enabled). We compare three data sets: UCE core regions, flanking sequence adjacent to the UCE core and a set of ten protein coding genes commonly used in fish systematics. We found the net informativeness of UCE core and flank regions to be roughly ten-fold and 100-fold more informative than that of the protein coding genes. On a per locus basis UCEs and protein coding genes exhibited similar levels of phylogenetic informativeness. Our results suggest that UCEs offer enormous potential for resolving relationships across the percomorph tree of life.
Introduction
Ultraconserved elements (UCEs) have become increasingly popular in recent phylogenomic studies. They have been used to reconstruct phylogenies for clades as divergent as the mammals, fish, birds, turtles, and arthropods (Bejerano et al., 2004; Faircloth et al., 2014 Faircloth et al., , 2013 McCormack et al., 2013; Smith et al., 2014; Sun et al., 2014) . The utility of UCEs for sequence-capture approaches has been well justified on practical grounds. They are shared loci found among most, if not all vertebrate genomes (Bejerano et al., 2004; Siepel et al., 2005) and researchers can easily detect and align UCEs from divergent taxonomic groups (Miller et al., 2007) . UCEs do not intersect paralogous genes (Derti et al., 2006) or have retroelement insertions (Simons et al., 2006) . Stephen et al. (2008) found that most eutherian UCEs were intergenic with only 3% falling within protein coding exons and suggested splicing regulation as one of their functions. One of the most compelling phylogenetic characteristics of UCEs is that the flanking regions increase in variant sites as the distance from the UCE center increases, allowing for better resolution of nodes across a range of evolutionary timescales in a given phylogeny (Faircloth et al., 2012b) . This aspect potentially allows phylogeneticists to tailor their use of UCEs by choosing those with similar evolutionary rates or selecting a subsample of UCE regions whose flanking regions optimize their analyses. However, the relative performance of UCEs compared to traditional molecular markers remains poorly understood.
Traditional markers might be expected to exhibit better phylogenetic performance than UCEs because traditional markers have been highly selected for their potential ability to resolve polytomies and they have been well curated and validated. Sets of traditional markers that yield reasonable phylogenetic results have been identified for many major sections of the tree of life. In fishes for example, Li et al. (2007) identified a cohort of 10 genes from a pool of 154 that have become widely used at various phylogenetic scales Li et al., 2009 Li et al., , 2008 Near et al., 2012; Wainwright et al., 2012) . These protein coding genes were carefully selected and validated for the purpose of reconstructing the ray-finned fish phylogeny (Li et al., 2007) . In contrast, UCEs are identified by the presence of nearly invariant core regions. UCE cores are thus expected to have very low to no phylogenetic resolving power. The flanking regions of the UCE are, by definition, not invariant and should thus provide more resolving power than the core. However individual UCE loci have not generally been subjected to the same degree of scrutiny as the phylogenetic workhorse, PCR-amplified, single copy protein coding genes, and thus, on average, might be expected to perform more poorly at resolving phylogenetic problems. One resolution of this paradox would be that the greater degree of resolution obtained in recent UCE studies McCormack et al., 2012) is largely due to the sheer number of sites that are captured through high-throughput sequencing methods, as on a per locus basis the ability of UCEs to resolve polytomies is thought to be relatively poor.
UCE cores are highly conserved throughout the genome, which suggests there may be little phylogenetic informativeness in these regions. More specifically, we ask the question, what is the impact of UCE core conservation on overall phylogenetic informativeness and on the UCEs' ability to resolve hypothetical polytomies?
To better understand the utility of UCEs in a phylogenetic context, we characterize their phylogenetic informativeness (Townsend, 2007) by analyzing a dataset comprised of 1201 UCEs and 10 protein coding genes collected from eight species of percomorphs with fully sequenced genomes (genome-enabled), Gasterosteus aculeatus, Oryzias latipes, Takifugu rubripes, Tetraodon nigroviridis, Oreochromis niloticus, Neolamprologus brichardi, Pundamila nyererei and Haplochromis burtoni. We chose to examine the percomorphs because recent studies have demonstrated that this large clade has undergone recent radiations and many relationships remain unresolved, which heavily impact age estimations in the clade Broughton et al., 2013; Smith et al., 2007; Wainwright et al., 2012) . Li et al. (2007) demonstrated that a carefully chosen set of 10 protein coding genes can successfully resolve many groups within the percomorphs. Faircloth et al. (2012b) demonstrated that UCEs successfully resolve older lineage relationships in the euteleost tree of life but they did not specifically focus on resolving polytomies within sub-clades of the percomorphs, for example the order Perciformes, and it is yet untested whether more recent radiations within the Euteleosts can be resolved using UCEs.
We chose phylogenetic informativeness (PI) to make our comparison. PI estimates the probability that a character resolves a hypothetical polytomy in a four-taxon phylogeny and then remains unchanged along the peripheral branches (Townsend, 2007) . PI is a function of the rate of evolutionary change and the time to most recent common ancestor among the taxa under analysis, and it provides one estimate of the amount of phylogenetic signal relative to noise across a specified time period. Marker sets for more than four taxa can be compared using PI if a consistent topology is used across the markers. Calculation of the PI per nucleotide allows estimation of the cost-effectiveness of character sampling. Thus our study seeks to address which dataset, the UCEs or the protein coding genes, has the greatest PI so that researchers interested in clades within the percomorphs can focus on the appropriate data to best resolve the remaining polytomies.
Materials and methods

UCE core region design pipeline
We identified 1201 UCEs found in the eight percomorphs whose genomes were available at the start of our study, one three-spined stickleback, G. aculeatus, one medaka, O. latipes, two puffers, T. rubripes, T. nigroviridis, and four cichlids, O. niloticus, N. brichardi, P. nyererei and H. burtoni. Following Faircloth et al. (2013) , we: (1) located nuclear DNA regions of 180 ± 10 base pairs (bp) where there were at least 80 contiguous bp with 100% conservation and the remainder with >80% conservation between G. aculeatus and O. latipes; (2) aligned these sequences to the genomes of the remaining six fishes (T. rubripes, T. nigroviridis, O. niloticus, N. brichardi, P. nyererei and H. burtoni) using LASTZ (Harris, 2007) ; and (3) required >80% sequence identity across all eight species. We defined the core as the contiguous region of the aligned sequence, which corresponds to the original 180 bp from G. aculeatus and O. latipes, and flank as all the remaining sequence 5 0 or 3 0 of the core. To ensure that PI is accurately calculated, we limited our analysis to UCEs with at least 50 bp flanking the 5 0 or 3 0 end of the core. This reduced the final count used for all further analysis to 988 UCE loci with cores of aligned lengths of 171 bp to 219 bp and flanks of aligned lengths of 144 bp to 1626 bp.
Protein coding genes
We compared the UCEs recovered in this study to ten protein coding genes identified by Li et al. (2007) (see Supplemental  Table S1 ). We downloaded individual gene data for each of these loci across the eight genome-enabled percomorph species from the ENSEMBL Genome Browser (Hubbard et al., 2007) , the UCSC genome browser (Kent et al., 2002) , and NCBI GenBank (Benson et al., 2005) . We translated the nucleotide sequences of the ten loci into amino acid sequences using TranslatorX (Abascal et al., 2010) and aligned amino acids using MUSCLE (Edgar, 2004) . We used the DNA version of these alignments when calculating PI.
In silico phylogeny design for the PI guide tree
We constructed a time-calibrated phylogenetic framework needed for calculation of PI using divergence times from recently published phylogenetic studies to date node splits for the eight taxon tree of genome-enabled percomorph fishes Broughton et al., 2013; Santini et al., 2009; Wainwright et al., 2012) . We provide the time-calibrated phylogeny for the eight genome-enabled species used in this study (Supplemental Fig. 1 ).
PI Calculations
We used the software package TAPIR (http://faircloth-lab. github.com/tapir/) to measure the PI of the UCE core regions, the flanking regions of the UCE cores and the set of ten protein coding genes. TAPIR employs a similar pipeline for estimating PI to that used in PhyDesign (Lopez-Giraldez and Townsend, 2011) although the PI computation is parallelized to work across large genomic datasets (Faircloth et al., 2012a; Pond et al., 2005) . TAPIR calculates substitution rates from sequence alignment files and then uses those substitution rates to estimate the PI profile of each locus. We calculated net PI for each dataset, PI per locus per dataset, and PI per nucleotide per locus per dataset. The net PI is the sum of the individual PI's for each nucleotide across all loci in a dataset. Thus, net PI is additive and the length of each dataset contributes to its respective net PI curve. When displaying or analyzing the time of maximum PI, we removed seven UCEs whose cores were invariant across all taxa and thus had PI = 0 across the entire time-calibrated phylogeny.
Statistical analysis
We conducted statistical analyses using the R package (http:// www.r-project.org/) and TAPIR (http://faircloth-lab.github.com/tapir/). We calculated the distribution of the average per nucleotide PI, the maximum nucleotide PI, and the time in millions of years (Ma) of maximum PI using plyr, gtools, and xtable libraries in R and ggplot2 (Harrell and Dupont, 2014; Team, 2014; Warnes et al., 2014; Wickham, 2009 Wickham, , 2011 . We performed regression analyses using the lm function of R.
Verification of the percomorph phylogeny
To verify that both the UCE dataset and the protein coding gene dataset produced the expected phylogeny (Dornburg et al., 2014; Faircloth et al., 2013; Near et al., 2013; Wainwright et al., 2012) ) we reconstructed the phylogeny for the eight genome-enabled species (Supplemental Table S2 ). We prepared our data for phylogenetic reconstruction using phyluce (https://github.com/ faircloth-lab/phyluce). To estimate the best fitting locus-specific site rate substitution models we used Cloudforest (Crawford and Faircloth, 2014) and partitioned the UCEs by their best-fitting substitution models. Bayesian methods were used for phylogenetic inference as implemented in MrBayes 3.1 (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003; Ronquist et al., 2012) thus over 5,000,000 iterations we sampled trees every 500 iterations to yield 10,000 trees. Convergence was confirmed by checking Effective Sampling Size values >200 in TRACER (Rambaut et al., 2014) .
Results
Net phylogenetic informativeness of each dataset
The UCE flanking regions outperformed the UCE core regions, which outperformed the protein coding genes, for estimates of net PI across all times scales (presented as the log 10 of PI versus time in Ma in Fig. 1) . PI for the UCE flanks rose rapidly, reached a maximum at 43 Ma and then slowly tapered off. We observed similar behavior for the PI of the UCE cores and the PI of the protein coding genes (Fig. 1). 
PI per locus in each data set
The average and 95% confidence interval (CI) for the per locus PI of the UCE flanking regions, the UCE core regions, and the ten protein coding genes are shown versus time in Ma (Fig. 2a) . UCE flanking regions had the highest PI per locus, surpassing both the UCE core regions and protein coding genes. The UCE core had the lowest per locus PI, reflecting that region's relative invariance.
The ability of UCEs to resolve polytomies depends on the time of divergence from the most recent common ancestor (MRCA) of the polytomy, thus we calculated the time in Ma at which PI is maximized. Based on the average and 95% CI, we observed that the UCE flanking region PI reached its maximum at 39 ± 20 Ma (Fig. 2a) , which was similar to that of the protein coding genes, suggesting UCE loci should be suitable for resolving the same polytomies as protein coding genes. Similarly, the maximum PI for UCE cores occurred at 61 ± 20 Ma (Fig. 2a) , suggesting these data are suitable for resolving polytomies occurring deeper in time.
To illustrate how these maxima correspond to the age of the MRCA of the percomorphs and two key clades within the percomorphs, we included in Fig. 2a the estimates of the ages of these clades. We use the results of four previously time calibrated phylogenetic reconstructions. The estimates for the MRCA of the Tetraodontidae span from 18 Ma to 44 Ma (Chen et al., 2014; Santini et al., 2013) . The maximum PI for the UCE flanking region and for the protein coding genes fall within this range therefore PIs are still driven far more by signal than noise (Townsend, 2007) (Fig. 2a) . The estimates for the age of the MRCA of Lophiformes span from 50 Ma to 73 Ma Chen et al., 2014) . At $60 Ma, the UCE flanking region PI and the protein coding gene PI have decayed to less than 10% from their maxima indicating again that these loci are still within optimal signal for this clade. The estimates for the age of the MRCA for the percomorphs span from 106 Ma to 133 Ma Near et al., 2013; Chen et al., 2014) . At $120 Ma, UCE flanking region PI and the protein coding gene PI have decayed less than 33% from their maxima. These comparisons illustrate that UCE flanking regions are appropriate for resolving polytomies within Tetraodontidae and Lophiformes as well as within Percomorpha.
PI per nucleotide in each data set
The average and 95% CI for the per nucleotide PI of the UCE flanking regions, the UCE core regions and the protein coding genes are shown versus time in Ma in Fig. 2b . The UCE flanking regions had PI values that are slightly higher but similar to the protein coding genes. The UCE core regions had the lowest PI at each time point which is likely a consequence of how UCEs are chosen and the different evolutionary pressures on the UCE cores relative to the UCE flanks or the protein coding genes. ) and were better approximated by normal distributions (Fig. 3a-d and Supplemental Table S1 ).
For UCE core regions, the median time of maximum PI was 71 Ma (interquartile range for core = 53 Ma, 94 Ma) but the distribution was quite wide with a number of UCE cores reaching maximum PI at 120 Ma, the oldest time point included in our analysis (Fig. 3e) . For the UCE flanking regions, the median time of maximum PI was 41 Ma with an interquartile range for the flank of (36 Ma, 47 Ma, Fig. 3f ). For the protein coding genes, the median time of maximum PI was 32 Ma (Table 1) with an interquartile range of (28.75 Ma, 44.25 Ma).
Determinants of PI -linear regression analyses
As expected, there was a strong correlation between average per nucleotide PI and the maximum per nucleotide PI for each locus in the UCE core (R 2 = 0.91) and UCE flanking regions (R 2 = 0.99) (Supplemental Fig. S3a and S3b). We thus only present results for the average per nucleotide PI. We found a significant but weak correlation between average PI per nucleotide for UCE flanking regions and the average PI per nucleotide for the UCE core regions, R 2 = 0.14 ( Fig. 4) , indicating that if the UCE had an increased average PI for its core region, they also had an increased PI for its flanking region. We plotted the average PI per upstream and downstream UCE flanking region against that region's length (Fig. 5) . We observed an increasing trend in average PI per region as the flanking region's length increased, as would be expected as variation has been shown to increase with distance from the core (Faircloth et al., 2012b) . Further, if we controlled for the average per nucleotide PI of the core, we found that total flank length was a significant predictor of average per nucleotide PI of the flank (p < 2.2 Â 10 À16 , Table 2 ). 
Verification of the Phylogeny
We recovered the relationships supported in the current literature Li et al., 2007) with high posterior probabilities using either the protein coding genes or the 988 UCEs (Supplemental Fig. S2 ).
Discussion
Molecular marker choice is arguably the most important decision made before one embarks on a phylogenetic analysis. Here we explore 3 datasets: UCE core regions, UCE flanking regions and protein coding gene regions, in order to understand PI patterns. UCE flanking and core regions have higher net PI than protein coding genes (Fig. 1) . This outcome was expected as there were far more UCEs than protein coding genes analyzed. Our analysis corroborates Faircloth et al. (2012b) by finding that the major source of PI for more recent splits is derived from the UCE flanking region and not its core (Faircloth et al., 2012b) . Furthermore as the flanking region length increased the average per locus PI for that region increased (Fig. 5) . We believe this can be attributed to the fact that longer flanking regions had greater sequence diversity and thus higher PI than shorter regions.
A second important result is that on a per nucleotide scale, the UCE flanking regions have similar PI to protein coding genes (Fig. 2b) . A priori, we suspected that the protein coding genes would have greater PI than the UCE flanking regions on a per-nucleotide and per-locus level because the protein coding genes we used were carefully selected and validated to be useful in reconstructing the ray-finned fish phylogeny (Li et al., 2007) . UCE flanking regions show more variation than the UCE cores and yet are still readily aligned among a set of taxa such as the percomorphs chosen for our analysis. Although we suspect that our results extend beyond these eight taxa, it would be interesting to determine if they hold for a larger set of fishes, birds or mammals.
Despite the low PI of UCE core regions on a per-locus or per nucleotide basis (Fig. 2a and b) , the net PI of the UCE cores exceeds that of the protein coding genes (Fig. 1) . Although UCEs are highly conserved, they still yield varying levels of PI. The explanation for UCE cores exceeding protein coding genes in net PI is sheer loci number. The median time when UCE cores reach its maximum PI is greater than the median time when the UCE flanks reach its maximum PI (Fig. 3 and Table 1 ), suggesting that UCE cores may be more useful for resolving phylogenetic relationships than previously thought, relationships that are more ancient than the radiation of the percomorphs. Therefore UCE core regions can and should be retained in a phylogenetic reconstruction along with the UCE flanking regions.
Our choice of phylogenetic informativeness as a measure of the suitability of a marker stems from a growing body of publications that demonstrate the comparative quality of PI (Lopez-Giraldez et al., 2013; Schoch et al., 2009; Townsend, 2007; Townsend and Leuenberger, 2011; Townsend et al., 2008) . We believe PI holds the key to framing quantitative comparisons of marker types and gives researchers the ability to choose markers based on real data and not just hypothetical assumptions. However PI has garnered Note: See Section 2.5 and Fig. 3 for details. criticism in regards to possible biases placed on fast evolving characters in a given sequence or gene and reduced applicability to real datasets with greater than four taxa (Klopfstein et al., 2010) . Per Townsend and Leuenberger (2011) , we limited our interpretation of PI profiles to details of the phylogeny on which we based our analyses. Detection of the phylogenetic signal, the subsequent loss of that signal and replacement with non-informative character states all depend upon the specific time epoch one is interested in studying. In summary, our study provides preliminary evidence that the net phylogenetic informativeness of ultraconserved elements, at both flank and core regions, is superior to the phylogenetic informativeness of the set of protein coding genes recommended for resolving polytomies in the percomorphs. The improvement over the protein coding genes in net phylogenetic informativeness is made possible due to the large number of UCEs that can be detected and aligned among these taxa. It is also a novel finding of this study that UCE flanking regions and protein coding genes have similar levels of per nucleotide phylogenetic informativeness. Although a more comprehensive test with more taxa is required to insure that these results are not limited to the specific clades tested here, our results suggest that UCEs are likely to be an effective means for resolving relationships within percomorphs across a range of time scales. 
